We report here that the Intrinsic affinities of the antigen-specific T-cell receptors (TCR) of two unrelated CD8+ T-cell clones for their respective peptide-major histocompatibility complex (MHC) ligands are higher than the values generally thought to prevail for TCR. The TCR of one clone (2C) binds an aflogeneic class I MHC protein (Ld) in association with an a-ketoglutarate dehydrogenase nonapeptide (QLSPFPFDL, termed QL9) with an intrinsic anity (intrinsic equilibrium association constant) of 1-2 x 107 M-1. The TCR of the other clone (4G3) binds a syngeneic class I MHC protein (Kb) in association with an ovalbumin octapeptide (SIINFEKL, termed pOV8) with an inins affinity of 1.5
(intrinsic equilibrium association constant) of 1-2 x 107 M-1. The TCR of the other clone (4G3) binds a syngeneic class I MHC protein (Kb) in association with an ovalbumin octapeptide (SIINFEKL, termed pOV8) with an inins affinity of 1.5
x 106 M-l. A compain of the two clones, combined with current views of T-cell repertoire selection in the thymus, leads us to propose that TCR afities are generally likely to be higher for algeneic MHC-peptide complexes than for syngeneic MHC-peptide complexes.
Because the somatic hypermutation that underlies the generation of high-affinity antibodies is not evident in T cells, it has long been surmised that the affinities of antigen-specific T-cell receptors (TCR) for their natural ligands, now known to be peptide-major histocompatibility complex (MHC) complexes, are likely to be low and in the narrow range (104 to 105 M-1) exhibited by antibodies made early in immune responses, before the onset of somatic hypermutation. Previously, however, we showed (1) that one of the two murine T-cell clones studied here (clone 2C) has a relatively high intrinsic affinity (2 x 106 M-1) for its ligand: Ld, a class I MHC protein, in association with an octapeptide (LSPF-PFDL, termed p2Ca) that derives from murine a-ketoglutarate dehydrogenase (a-KGDH) (2, 3) . This clone also recognizes Ld in association with several other peptides from a-KGDH. One of them, the nonapeptide QLSPFPFDL (termed QL9), proved to be exceptionally active in sensitizing Ld+ target cells (T2-Ld) for lysis by 2C cells. We show here that the affinity of the TCR on 2C cells for the complex formed by this peptide with Ld (QL9-Ld) is about 10 times greater than for p2Ca-Ld and, to our knowledge, is the highest affinity value found so far for any TCR.
Since the 2C clone arose in a mouse of the H-2b haplotype, its high-affinity binding of the peptide-Ld complex is an allogeneic reaction (alloreaction). To compare it with a CD8+ cytotoxic T lymphocyte (CTL) clone that is also highly reactive cytolytically but recognizes a syngeneic MHCpeptide complex, we took advantage of clone 4G3. This clone, which also arose in an H-2b mouse, reacts specifically with the ovalbumin octapeptide pOV8 (SIINFEKL) in association with Kb. In this syngeneic reaction, the TCR affinity for its peptide-MHC complex was about 10-fold lower than in the alloreaction. Though the comparison involves only two clones, when the findings are considered in light of recent studies ofT-cell repertoire selection in the thymus (4-6), they lead us to propose that the affinity ofa TCR for peptide-MHC complexes will generally be greater when the MHC component is allogeneic than syngeneic.
MATERIAL AND METHODS
Cells. The CTL clones 2C and 4G3 were maintained in culture by weekly stimulation with irradiated stimulator cells (P815 and EG70VA, respectively), as described (7, 8) . P815 (H-2d) is a mouse mastocytoma and EG70VA is the EL4 (H-2b) mouse thymoma transfected with the ovalbumin gene (9) . The human hybridoma T2 (10) and Ld and Kb transfectants of T2 (T2-Ld and T2-Kb, respectively) we used as target cells in cytotoxicity assays.
Peptides. Peptides were synthesized by the solid-phase t-butoxycarbonyl method in the Biopolymers Laboratory of Massachusetts Institute of Technology and purified by HPLC. Their concentrations were determined by quantitative amino acid analysis.
Cytotoxicity Assay. Peptides in 0.15 M NaCl/0.02 M sodium phosphate, pH 7.4 (PBS), were added to 5000 51Cr-labeled target cells (T2-Ld or T-Kb) and 15,000-25,000 CTLs in round-bottom 96-well plates in RPMI medium 1640 containing 10 mM Hepes, 2 mM glutamine, penicillin (100 units/ml), streptomycin (100 pg/ml), 50 pM 2-mercaptoethanol, and 10%6
(vol/vol) fetal calf serum in a final volume of 200 A1 per well.
After 4 h at 3TC in a 5% C02/95% air atmosphere, specific lysis of target cells was determined from the amount of 51Cr released into extracellular medium (a), corrected for spontaneous release (b) and total 51Cr content of the target cells (c):
i.e., specific lysis = 100(a -b)/(c -b).
odinaton Fig. 3A , the specificity of the direct binding was evident from the inhibitory effect of the clonotypic antibody 1B2 or of an excess of unlabeled QL9-Ld complex (Fig. 3A Inset) . From the best fit of the kinetic binding data to Eq. 1, it was possible to determine both (i) the maximal number of specifically bound QL9-Ld complexes per cell at equilibrium (the term a, corrected for the number of cells and the volume of the reaction mixture) and (ii) the time constant T (the time required to reach 63% of the equilibrium value): X was 3.9 min (Table 1) and a (at a free peptide-MHC concentration of 4 nM) was 10,500 ± 2100 bound complexes per cell. Inasmuch as we had previously determined (and confirmed below, see Fig. 3B ) that there are Fig.  3B , yielded an equilibrium constant of 1.9 ± 0.2 x 107 M-1. Extrapolation of the plot in Fig. 3B to infinite free concentration of the peptide-MHC complex yielded a limiting value of 93,000 ± 5600 binding sites per 2C cell, also in agreement with the total number of TCR molecules per cell previously found with the Fab' fiagment of the 1B2 antibody (1). Thus, by three different approaches, the affinity of the 2C TCR for the QL9_Ld complex was found to be 1-2 x 107 M-1 at 230C (Table 1) or 5-10 times higher than the previously reported value for this receptor's affinity for the p2Ca-Ld complex (1).
All of the affinity and kinetic measurements described above and previously were Fig. 3 and the indirect competition assay of Fig. 2 , we found that in comparison with the binding at room temperature, the equilibrium constant at 370C was only slightly lower (6 x 106M-1 vs. 1.5 x 107 M-1) but the association and dissociation rates were much faster (Table 1) .
Direct Binding of pOV8-Kb Complex to TCR on Intact 4G3 Cells. To compare the alloreaction between the 2C cell (H-2b) TCR and the QL9-Ld complex with a syngeneic reaction (in which the MHC of the peptide-MHC complex and on the CTL are the same), we determined the intrinsic affinity ofthe TCR of clone 4G3 (8) . A comparison between these two CD8+ clones is particularly appropriate because about the same concentration (-3 pM) ofQL9 and pOV8, their respective optimally active peptides, was required for half-maximal lysis of the appropriate T2 target cells (T2-Ld and T2-Kb, respectively) by 2C and 4G3 cells (see Fig. 1 ). Both peptides, moreover, are bound equally well by their respective restricting class I MHC proteins: for the binding of pOV8 to Kb (14) and QL9 to Ld the equilibrium constants are 1.2-2 x 108 M-1 (data not shown).
Since anti-receptor antibodies to the TCR of4G3 cells were not available, we measured the direct binding of 125I-labeled pOV8-Kb to these cells ( relatively high concentration of this labeled peptide-MHC complex (57-112 nM) because the 4G3 TCR's affinity for it was not high (see below). As a result, nonspecific binding was greater than in the corresponding titration ofthe 2C TCR (cf. Figs. 3 and 4) . Nevertheless, TCR-bound peptide-MHC complexes (determined as the difference between peptide-MHC binding in the absence and presence of a large excess of unlabeled pOV8-Kb) accumulated over time. The best fit of experimental values for the time-dependent specific binding of 125I-labeled pOV8-Kb to the 4G3 TCR using Eq. 1 yielded a value for a (the amount of peptide-MHC bound at equilibrium) of 4700 ± 500 complexes per cell. From a, the total number of TCR per cell (105, see below), and the free peptide-MHC concentration (57 nM), the intrinsic equilibrium association constant for the 4G3 TCR reaction with pOV8-Kb was calculated to be 1 x 106 M-1.
In separate experiments with various free concentrations of this peptide-MHC complex, the numbers of specifically bound pOV8-Kb complexes per cell at equilibrium were also measured. The results, presented as the Scatchard plot in Fig. 4B , yielded essentially the same equilibrium constant (1.7 ± 1.1 x 106 M-1). The Scatchard plot extrapolated to 140,000 ± 50,000 TCR molecules per403 cell (mean ± SEM), similar to the number of TCR molecules per 2C cell (1) . The association and dissociation rate constants for the pOV8-Kb reaction with the 4G3 TCR (see Table 1 ) were also similar to those reported previously for the reaction of the p2Ca-Ld complex with the 2C TCR (1 (15, 16) for class II MHC-peptide complexes seemed initially to be in accord with the view that in the absence of somatic hypermutation in T cells, TCR affinities for their natural ligands would generally be low. It is doubtful that the difference between these earlier reports and the present findings reflect a systematic difference between CD4+ and CD8+ T cells or between peptide-MHC complexes involving class I and class II proteins. Instead, it is likely that the difference simply reflects a very wide range in TCR affinities for their natural ligands. If so, it will be important to evaluate the functional efficacy in vivo and in vitro of T cells whose TCR differ widely in intrinsic affinity. That TCR intrinsic affinity alone is not a sufficient predictor of T-cell activity is already evident from the finding here that although their TCR differ 10-fold in intrinsic affinity for their optimal peptide-MHC ligands, the two CTL clones we examined require the same concentrations of their respective peptides to sensitize target cells for lysis (see Fig. 1 ). This difference could be due to a greater number of TCR molecules per cell on 4G3 than on cells (see above) or, perhaps, to greater numbers of CD8 or other accessory proteins involved in target cell recognition and lysis.
The second finding of interest arises from the difference between the MHC proteins that restrict recognition of the a-KGDH peptide and the ovalbumin peptide. Normally, the restricting MHC molecules on target cells are syngeneic (self or synMHC) with respect to the MHC proteins on T cells, but in alloreactions they are allogeneic (alloMHC). Previously, the affinities of TCR of three CD4+ T cells that were specific for synMHC class II proteins (and associated peptides) were in the range 104 to 105 M-1 (15, 16 
